African wild dogs (Ljcaon pictus) live in cooperative packs with a clear-cut dominance hierarchy in each sex. Reproduction is largely monopolized by the dominant male and female. Alpha females produced 76% of all litters in the Selous Game Reserve and 81% in Kruger National Park. Only 6-17% of subordinate females gave birth each year, compared to 82% of dominant females. In nonmating periods, subordinate females had higher estrogen levels and higher estrogen/progestin ratios than alpha females, apparently preventing ovulation. During mating periods, subordinate females had lower estrogen levels than dominants, mated less often, and were less aggressive. Subordinate males mated at low rates, wore less aggressive than dominants, and had lower testosterone levels. Beta males were similar to alpha males behavioraDy and hormonalry, suggesting that alpha males may share paternity with beta males. If paternity is more evenly shared than maternity, then subordinate males have a larger incentive than subordinate females to remain in the pack. Following this expectation, dispersal in Selous was female biased (49% versus 24% dispersing annually). Perhaps as a result of mortality associated with dispersal, the adult sex ratio was male biased, although the pup sex ratio was unbiased. In Kruger, neither dispersal nor the adult sex-ratio was biased. Reproductive suppression is widely thought to be caused by social stress in subordinates, but basal cortkosterone levels were higher in dominants than in subordinates. Ktj words African wild dog, cooperative breeding, corticosterone, dominance, estrogen, Lyceum pictus, progestin, reproduction, reproductive suppression, social stress, testosterone. 
from dominants? (S) Is reproductive suppression of subordinates strictly a behavioral process, or is it physiologically mediated by depressed sex steroid levels? (4) Is suppression of subordinates mediated by stress? (5) How do mechanisms of suppression differ between males and females? (6) How do behavioral and endocrine patterns relate to wild dogs' social organization?
African wild dogs are large (22 kg) pack-Jiving canids. Each pack typically produces a single litter in the season of prey abundance (Malcolm, 1979; Reich, 1981) . AD adult pack members feed pups, guard them, and retrieve them when lost on hunts (Malcolm and Marten, 1982; McNutt, 1996) . Mating spans 3-7 days, but estrous behavior builds slowly over several weeks before mating. Gestation lasts 70 days (Cade, 1967; Dekker, 1968; Reich, 1981) , and the inter-birth interval is 1 year (Frame, 1985) . Litters average 8-11 pups but can be as large as 16 (Fuller et aL, 1992) . Only the dominant female is assured of becoming pregnant Alpha females produced 81% of 85 litters in Kruger National Park (Mills MGL, unpublished data; Reich 1981) and 75% of 57 litters in Serengeti National Park (Burrows, 1995) . If a subordinate female gives birth, her pups are usually born several days after those of the dominant. Subordinates' pups are sometimes killed by die dominant female but are sometimes creched with the dominant female's pups (Frame et aL, 1979; Fuller et al., 1992; van Lawtek, 1973) . The estrogen and -progesterone profiles of two captive, subordinate females suggested that they were capable of ovulation, but they did not ovulate during the annual mating period and did not become pregnant (van Heerden and Kuhn, 1985) . For males, the degree to which subordinates are excluded from reproduction is not known. Anecdotal data suggest that dominant males defend access to estrous females and mate more often than subordinates (Goodall and van Lawick, 1971; Malcolm, 1979; Reich, 1981) .
METHODS

Study populations
The primary study was conducted in the Selous Game Reserve, Tanzania, between June 1991 and February 1996. The 43,000-km 1 Selous harbors a wild dog population estimated at 970 adults (Creel and Creel, 1995a) . Our study area in northern Selous (2600 km 1 ) is a mosaic of woodland, long grass plains, and wooded short grass. The population density on the study area was stable at 1 adult/25 kin 1 , so that the study population averaged 104 adults (153 dogs including pups). The number of packs under study (mean of six per year) ranged from one to nine, as packs-were located and radio collared. Pack size averaged 8.3 ± 0.7 adults (N -28 pack-years). The adult population was male-biased (039 male:0.41 female; Creel et aL, 1995) . The annual probability of survival for adults was 0.84 ± 0.03 (N = 162 individual-years, nutnmuiTn value with disappearance equated to death). Comparative demographic data came from a 5-year study in Kruger National Park where pack size was similar (9.7 ± 1.7 adults; Maddock and Mills, 1994) , the population was less male biased (035 male.-0.45 female), and annual survival was lower (0.62 ± 0.05%). Endocrine data were gathered in Kruger from 15 males in 5 packs, over 1 month.
Behavioral observations
Wild dogs are individually identifiable by variation in coat color. We radio collared two individuals in each pack to allow relocation. A lightweight dart was fired from an airgun into the hindleg, delivering 55 mg of ketamine HQ and 60 mg of xyiazine, adjusted <10% based on estimated body mass. We reversed anesthesia with 560 ug of yohimbine injected intravenously. Dogs were able to walk within 5-8 min and rejoined pack mates within 15 min of reversal. Radiocollars did not affect mortality rates, aggression received, or adrenal gtucocorticoid levels (Creel et aL, in press).
Watching from a vehicle, we used critical-event sampling (2210 h) to record individuals' rates of aggression and mating. For aggressive interactions, the identities of the initiator, redpient, winner, and loser were recorded. For matings we noted the initiator, recipient, and duration of the mount. Estrus is synchronized among the females of a pack, but not perfectly. We defined mating periods to include any day on which there was mating within the pack, though specific individuals may or may not have mated. Wild dogs rest at midday, and rates of all behaviors drop nearly to zero, so we calculated behavioral rates based on active hours (mean • 2.8 h/day) when dogs were socially active but not traveling. Most packmembers are almost continuously in view under these conditions, so corrections for observation biases were not necessary (Drickamer, 1974) .
We determined dominance ranks from aggressive interactions by minimizing the number of reversals in a win-loss matrix for each sex in each pack. All aggressive behaviors showed similar patterns, so they were pooled in a single matrix to minimize the number of empty cells. A new matrix was tabulated each time* the dominant individual died or was deposed, so that a given individual's rank could change through the study. Alpha males were replaced as often as three times per year, usually through escalated fights that led to reversals of dominance. Alpha females were replaced less often, usually by immigrants. 
Pwgtsttn assay
We injected a captive, female wild dog (who was to be euthanized for medical reasons) with 15 \iG 14 Gprogesterone and collected all urine and feces for 80 h. This trial showed that 60.3% of progesterone was excreted in feces (rather than in urine), with peak excretion 18 h after injection. High performance liquid chromatography (HPLC) revealed five progesterone metabolites. HPLC combined with gas chromatography/mass spectrophotometry (GC/MS) suggested that the sole immunoreactive progestin (>90% of total immunoreacdvity, Monfort et aL, submitted) in wild dog feces was prenanolone (the immediate precursor of prcgnanediol; Feder, 1981) .
We assayed fecal progesdns using a previously described lts I R1A that cross-reacts with several progestins (Brown et aL, 1994; Wasser et aL, 1994) . Fecal extracts were diluted 1:8000 and assayed in duplicate 100-uJ aliquot*. Serially diluted extract gave an antibody displacement curve parallel to the serially diluted progesterone standard. We tested accuracy by adding known quantities of progesterone (S.75-240 pg/tube) to fecal extracts and measuring the amount recovered, which averaged 95.0% ± 13.4% (i* -.94). Assay sensitivity was 3.75 pg/tube. The interassay coefficient of variation was 6.4% for a high-progestin control and 15.5% for a low-progcstin control.
Estrogtn assay
As described for progestins, we injected an adult female wild dog with 90 jiQ s H-estradiol to determine what estrogen metabolites were excreted in feces (Monfort et aL, submitted). The majority of estradiol (58.9%) was excreted in feces, with peak excretion 18 h after injection. HPLC and GC/MS showed that die two major immunoreactive fecal metabolites were unconjugated estrone and estradioH7(l, which combined accounted for 60% of total immunoreactivity. Three other metabolites were immunoreactive, so we consider the assay a measure of total estrogens.
We used a double-antibody lt8 I RIA (ICN Biomedicals) for total estrogens following die protocol provided (with the exception of halving all volumes). We diluted fecal extiacu 1: 500 and assayed duplicate 250-uJ aliquots. The antibody displacement curves of serially diluted fecal extract and serially diluted eJtradioH7p were parallel. Mean recovery of estradioH7p (23-100 pg/ml) added to fecal extracts was 1213% ± 11.1% (i* =• .99). Sensitivity was 23 pg/ml. The interassay coefficient of variation was 6.7%.
Tatosteront assay
We used a double-antibody m I RIA (Diagnostic Systems Laboratories) according to die protocol provided (with die exception of halving all volumes). Faecal extracts were diluted 1:10 and assayed in duplicate 25-uJ aliquots. Serially diluted fecal extracts showed an antibody displacement curve parallel to that of the serially diluted testosterone standard. Recovery of testosterone (0.05-123 ng/ml) added to fecal extract was 99.2% ± 9.1% (i* -.99). Sensitivity was 0.1 ng/mL The interassay coefficient of variation was 14.2% for a low testosterone control and 11.1% for a high-testosterone control. HPLC showed that testosterone was the ealy immunoreactive androgen in wild dog feces.
Corticostgroru assay
We validated a double-antibody 1B I-corticosterone radioimmunoassay (ICN Biomedicals) for wild dog feces. The assay and validation have been described elsewhere (Creel et aL, 1996) .
Statistical methods
We used parametric statistical tests (t test, normal approximation z tests, factorial ANOVAs) after testing that Mmmp. tioni were met. Data were log transformed when necessary. Tests were adjusted for unequal variances when necessary. Be--cause we collected an average of 1.9 fecal samples per individual per year, we used nested ANOVA to determine diat fecal samples were statistically independent units of analysis (Steel and Torrie, 1980:160-163). Though fecal samples were independent, we adjusted degrees of freedom for endocrine analyses following Steel and Torrie (1980:160) . In analyses of rates of aggression or mating, we used die mean rate for each individual in each mating or nonmating interval as a data point (giving two points per Individual per year). Using a single mean rate for each individual was not appropriate because individuals changed rank during die study. No more than four points were derived from a single individual (over 2 years), and nested ANOVA showed that these points were statistically independent (Steel and Torrie, 1980:160-163). Factorial ANOVA included pack identity as a control variable for all partial tests; where other variables were controlled they are noted. Pack size antt sex ratio were tested as control variables but were never significant and were droppped from final analyses. One-tailed tests are noted with results. Means are reported with standard errors.
RESULTS
During nonmating periods, die rate at which female wild dogs initiated aggression was not detectably affected by dominance (Figure la; all pairwise comparisons ns) . Surprisingly, rates of aggression tended to drop during mating periods (Fig la; * -1.92, p " .058, df -60), but did not drop equally for females of all ranks. Aggression dropped 36% for alpha females, 37% for beta females, and 65% for those of lower rank. As a consequence, dominant females were significantly more aggressive than subordinates during mating periods (alpha versus all others: / -1.73, one-tailed p = .046, df -38).
Rates of aggression were higher and more variable in males than in females. As with fern airy aggression and rank were not significantly associated during nonmating periods (alphas = For rnal^, a lower rate of aggression was accompanied by a striking increase in die severity of aggression. In a typical mating period, several males suffered bite wounds on die face and neck. In nonmating contexts, escalated fights were rare (e.g., we observed no injuries in contests over food). Of 10 fights in which a pack mate deposed die alpha male, 6 (60%) occurred during mating periods, although mating takes up only 1-5% of die year. Three additional cases were not observed, but occurred during an interval that included a conceptive mating period. The single clear exception involved an The distribution of matings has important implications for patterns of relatedness and population genetic structure. If rank had no effect, most matings would be by subordinates because they outnumber dominants. For females, the great majority of matings were actually made by alphas (Figure 2a : X 1 " 398, p < .001). For males, the monopolization of mating was less complete (Figure 2b) . Alpha males mated more often than expected by chance, beta males mated as often as expected, and lower-ranking males mated less often than ex- 
Mating duration
Wild dogs go through a copulatory lock in which the bulb of the penis enlarges and prevents the pair from disengaging (Goodall and Van Lawick, 1971; Reich, 1981), to ejaculatory mating* are likely to last longer than nonejaculatory mounts. For females, dominance and die duration of madngs were not significantly related (alphas = 11.7 ± 2.9 s, lower ranks » 5.1 ± 0.7 i; ( -1.13, p " .23, df = 37). For males, mounts by betas (33.1 ± 13.6 s) were significantly longer than those of lower ranking males (7.7 ± 1.3 r, t = 2.06, p = .04, df = 42), but were also significantly longer than mounts by alpha males (5.1 ± 0.8 s; t -2.91, p -.01, df -16). The duration of beta males' mounts was also more variable (> 10-fold difference) than mounts by other males because a subset of beta males' mounts (with a copulatory lock) were unusually long.
Rank of mat*
Two males with equal mating rates and durations would still accrue different reproductive success if one had better access to dominant females (who are more likely to become pregnant and raise young: see below). The ranks of mating pairs were positively correlated (»» = .05, t •» 3.18, p -.002, df • 77), though the variance explained was smalL The variance explained is probably low because a single female is at the peak of estrus on a given day, so that male-male competition for citrous females is not greatly affected by the female's rankDo hormonal differences underlie behavioral differences?
Malts
Dominant male wild dogs fight and mate more than subordinates." Because testosterone facilitates mating and aggression (Brain, 1983; Wingfield and Moore, 1987), these behavioral differences might reflect variation in testosterone levels. In Selous, males' testosterone levels did not change significantly between nonmating and mating periods (Figure 3 ; using an Fig. 3a; alpha males 3 3.3 ± 6.9 ng T/mg feces; betas -57.5 i 16.4 ng T/mg feces; lower ranks = 30.9 ± 6.6 ng T/mg feces). At times of mating, testosterone levels were unchanged in alpha males (+4%; Figure 3) but decreased in beta male* (-21%) and those of lower rank (-33%). Consequently, testosterone levels at mating were higher in alpha males (34.3 ± 8.0 ng T/mg feces) and beta males (45.3 ± 8.4 ng T/mg feces) than in males of lower rank (20.8 ± 2J8 ng T/mg feces; partial F versus alphas •» 4.56, p = .048, df -17; partial F versus betas -7.13, p » .01, df -19). Testosterone levels in alphas and betas did not differ significantly during mating periods, but betas tended to have higher levels, as in nonmating periods (Figure 3) . Overall, the relationship between dominance and testosterone parallels relationships between dominance and behavior. Low testosterone levels during mating periods are associated with low rates of aggression and mating in males ranked third or lower, but alpha and beta males do not differ significantly.
unpaired test, partial F uo8 -3.08, p -.08, controlling rank and pack identity). Testosterone levels also did not decrease during denning (partial F un -0.46, p «• .51, controlling rank and pack identity) as would be expected if paternal care was associated with low androgen levels (Wingfield et aL, 1990). Dominance and testosterone (T) were not significantly associated during nonmating periods (
For wild dogs in Kruger National Park, rank and testosterone were associated after controlling for age (partial F » 2.78, p " .047, df " 1,15, one-tailed test). Limited samples precluded testing mating and nonmating periods separately. It is not clear why age is an important variable in Kruger but not in Selous, but this may be related to differences in the two populations' age structure. Males older than 4 years are rare in Kruger but not in Selous. feces) and estrus (11.4 ± 7.8 u.g P/mg feces), increased greatly during gestation (127.1 ± 20.7 u,g P/mg feces) then returned to low levels during lactation (13.5 ± 18.0 |ig P/mg feces). Estrogen levels were highly variable during gestation and lactation (Figure 4) , so we restricted our analyses to samples from baseline (nonmating, nonpregnant, nonlactating females) and estrous periods, testing whether dominance was associated with endocrine processes involved in becoming pregnant However, by three criteria we observed no cases in which a subordinate female became pregnant then aborted in the second or third trimester. First, wild dogs produce exceptionally heavy litters 
How effective is reproductive suppression of subordinates?
In Selous, alpha females produced 22 litters in 27 pack-years (11 packs), giving an annual probability of breeding of 81.5% ± 7.0%. The five cases in which the alpha female did not breed were in newly formed packs that waited until the next rainy season to breed, rather than mating out of season. In stable packs, the alpha female invariably gave birth once a year. Subordinates' annual probability of breeding was far lower (6.4% ± 2.4%; z -7J6, p < .001). Only 7 Utters were bom to subordinate females in 110 individual-yean (in 5 of 27 pack-years). Although wild dogs are capable of breeding at 1 year of age, it ii likely that many 1 year olds are not ready to reproduce (Cade, 1967; Dekker, 1968) . F.Trhiriing 1 year olds, 7 subordinates gave birth in 67 individual-yean (10.4% ± 3.7%), still much lower than alpha females (z «* 5.41, p < .001). Subordinate females in Kmger became pregnant at rates similar to (but slightly higher than) subordinates in Selous (8.5% ± 2.1%; 17.4% + 4J% excluding 1 year olds, N -44 pack-years).
DISCUSSION
Sex difference) td afanflaritiea in correlates of rank
The correlates of rank were broadly similar for male and female wild dogs. For dogs of both sexes, rates of aggression were not related to rank outside of mating periods, but dominant animals were more aggressive during mating periods. The greater aggression of dominant dogs was paralleled by higher mating rates and better access to mates of high rank. For both sexes, behavioral differences were underpinned by differences in sex-«teroid level*. In males, alphas and betas had higher testosterone levels than lower-ranking males, associated with higher rates of aggression and mating. Low mating rates in subordinate females were associated with high baseline estrogens and a high baseline estrogen-to-progestin ratio, which may prevent follicular development and ovulation by altering feedback to the hypothalamus and anterior pitui- For females, endocrine and behavioral patterns yield highly skewed reproductive success. Alpha females produced most litters in Selous (76%) and in Kruger (81%), similar to the proportion reported for Serengeti dogs (75%; Burrows, 1995) . Genetic data will be needed to determine how many pups survive when a subordinate gives birth, but behavioral observations show that subordinates' young are sometimes killed (Fuller et al., 1992; Goodall and van Lawkk, 1971; Malcolm, 1979; Reich, 1981) . Of seven litters by subordinate females in Selous, one litter was killed immediately, one litter was raised, and five litters were creched with the dominant's litter so die fate of each mother's pups was not clear.
Alpha males do not monopolize mating* at effectively as alpha females (Figure 2) , and the testosterone levels of alpha males are no higher than those of beta males (Figure 3 ). Matings by beta males are longer than those by alpha males. These patterns suggest that shared paternity will be more common than shared maternity. In Kruger, this prediction was not supported by microsatellite analysis, which showed that 10% of 29 pups had subordinate fathers and 8% of 51 pups had subordinate mothers (Girman et aL, submitted). Microsatellites are now being used to test this prediction in Selous.
InUrsptdfic comparisons
Relationships between dominance and sex steroids have been studied in several cooperatively breeding species, both in the wild (Creel et aL, , 1992 (Creel et aL, , 1993 Chronically elevated glucocortkoids cause a broad array of harmful effects, including immune suppression and neural death (Munck et aL, 1984; Sapolsky, 1992) . Thus, in societies where reproductive suppression is normal, it is not surprising to find non-glucocorticoid-mediated mechanisms. Costs not associated with reproduction would make ghicocordcoid-mediated suppression evolutionarily invadble by mechanisms independent of glucocorticoids (perhaps mediated by the effects of opioids on gonadotropins; Abbott, 1993).
Do the correlates of rank relate to social organisation?
In evolutionary models of reproductive skew, shared parentage is used by dominants as an incentive to prevent subordinate helpers from dispersing (Creel and Waser, 1991; Reeve and Ramieks, 1993; Vehrencamp, 1983) . If females are more completely suppressed, theory suggests they should be more likely to disperse. In the Serengeti, female wild dogs dispersed more often than "la*^*, an "minimi pattern in "wmmaii (ChepkoSade and Halpin, 1987; Frame et aL, 1979; Macdonald and Moehhnan, 1982; Waser, 1996). In Selous, females' annual probability of dispersing was 48.5% ± 5.0% (N -101 femaleyears), twice the probability for males 23.8% ± 3.4% (n -160 male-years; z -3.27, p *• .001). Selous males were more "padent" with respect to dispersal, perhaps because dominant males are more likely than dominant females to share reproduction. In Kruger, genetic data suggested that the sexes were equally suppressed (Girman et aL, submitted), and annual probabilities of dispersal were similar for females (19.2% ± 2.9%) and males (20.7% ± 2^%: z -0.21, p -.84).
Dispersal carries a substantial risk of death for carnivores (Waser, 1996; Waser et aL, 1994) . Because group size is related to per-individual hunting success (Creel and Creel, 1995b) , floating in a transient group is likely to reduce fitness. In Selous, transient groups of both sexes (females: 3.5 -0.5 dogs, n •• 29 groups; males: 3.5 ± 0.6 dogs, N = 15 groups) are far below the optimal hunting pack size (approximately 12-14 dogs; Creel and Creel, 1995b) . Joining a new pack is also dangerous because it entails fights that can be fatal Because dispersal is risky, female-biased dispersal in Selous may explain why the adult sex ratio is male biased (59% males, x* " 8.11, p = .004, n " 261), although the pup sex ratio b unbiased (x* *• 0.001, p = .94, n -153; see also Frame et aL, 1979) . In Kruger, dispersal is not sex biased, and the adult sex ratio is not significantly biased (55% male, x* = 2.88, p -.09, n -253). In summary, endocrine differences between dominants and subordinates suggest that natural selection has altered wild dogs' physiology to reinforce behavioral mechanisms of reproductive suppression. Such behavioral and endocrine correlates of social status vary among species and populations, and these mechanistic differences can be related to basic features of social organization. For wild dogs, female-biased dispersal and a malebiased sex ratio may relate to differences between the sexes in die behavioral and endocrine correlates of rank.
